We present the concept, theoretical model and experimental implementation of a full-duplex nonreciprocal-beam-steering transmissive phase-gradient metasurface. Such a metasurface is realized by exploiting the unique properties of the frequency-phase transition in coupled time-modulated twin meta-atoms. The metasurface may be placed on top of a source antenna to transform the radiation pattern of the source antenna, and introduce different radiation patterns for the transmit and receive states. In contrast to the recently proposed applications of time modulation, here the incident and transmitted waves share the same frequency. The metasurface is endowed with directive, diverse and asymmetric transmission and reception radiation beams, and tunable beam shapes. Furthermore, these beams can be steered by simply changing the modulation phase. The proposed coupled meta-atoms inherently suppress undesired time harmonics, leading to a high conversion efficiency which is of paramount importance for practical applications such as point to point full-duplex communications.
Introduction
The ever increasing progress in wireless telecommunication systems demands a new class of compact structures, called metasurfaces, for wave engineering and controlling the electromagnetic wave radiation [1] [2] [3] [4] [5] [6] . Even though conventional reciprocal and static metasurfaces are capable of providing quite useful operations, nonreciprocity and time modulation can bring metasurfaces to a whole new level, introducing peculiar and unique wave engineering functionalities not seen in conventional metamaterials and metasurfaces 2, [7] [8] [9] [10] .
Nonreciprocity based on time modulation represents a powerful tool for advanced wave engineering and extraordinary control over electromagnetic waves 7, 9, [11] [12] [13] [14] [15] [16] [17] [18] . Recently, there has been a deep investigation on wave propagation and scattering in time-periodic 10, [19] [20] [21] [22] , and space-timeperiodic 13, 15, [23] [24] [25] [26] [27] [28] media. Time modulation represents a thrilling topic thanks to the complexity and rich physics of the problem, as well as the diverse and exciting practical applications of timemodulation. Time modulation has been recently used for the realization of isolators and nonreciprocal platforms 23, [29] [30] [31] [32] [33] [34] [35] [36] [37] , circulators 29, 38, 39 , metasurfaces 1, 3, 5, 9, [40] [41] [42] [43] , frequency converters 6, 44 , mixerduplexer-antennas 45 , antennas 8, [46] [47] [48] [49] [50] [51] , unidirectional beam splitters 16 , nonreciprocal filters 52, 53 and impedance matching structures 54 . Other recently reported outstanding and unique properties and applications of space-time-periodic media include anomalous topological edge states in space-time photonic crystal 25 , Fresnel drag 55 , signal coding metagratings and metasurfaces 56, 57 .
Previously reported time-modulated metasurfaces suffer from an undesired frequency alteration in the spectrum of the incident wave. Such a frequency change is usually undesired as the frequency of the up-converted/down-converted wave is very close to the incident wave and cannot be represented as an effective mixing functionality. In addition, the converted wave is usually accompanied by an infinite number of higher order time harmonics, which leads to a crowded frequency spectrum, poor conversion efficiency, and may result in inter-modulation interference.
Another important point is that most of the previously reported time-modulated metasurfaces are reflective structures 1, 3, 8, [40] [41] [42] , which may not be as practical as transmissive metasurfaces.
This study presents the concept, theoretical model and experimental implications of fullduplex nonreciprocal-beam-steering transmissive phase-gradient metasurfaces. Such metasurfaces may be placed on top of a source antenna, transforming their radiation pattern of the source antenna and providing different radiation patterns for the transmit and receive states. Such metasurfaces are composed of an array of coupled time-modulated twin meta-atoms, each of which functioning four major operations, i.e. wave reception, nonreciprocal phase shift for nonreciprocal beam steering, filtering out of unwanted temporal harmonics, and wave radiation.
The contribution of this work is as follows. We propose a metasurface which can be used for multi-functionality purposes, i.e. different radiation patterns (e.g., different half power beamwidths and different angle of radiation, as well as, different signal amplifications) for transmission and reception, nonreciprocal-beam-steering and beam shaping. Such a metasurface provides highly directive and tunable beams for point to point full-duplex telecommunications. In addition, from the physical point of view, this study presents the first time-modulated antenna metasurface platform, where the incident and transmitted waves share the same temporal frequency, different than other previously reported time-modulated radiating metasurfaces. We propose the concept of coupled time-modulated twin meta-atoms, and take advantage of the physical phenomena that occur in such structures. Specifically, the nonreciprocal phase shift in a round-trip photonic transitions in periodic time-modulated media with zero frequency alteration, transmissive reception and reradiation of the electromagnetic waves, as well as, filtering of undesired temporal harmonics. The proposed coupled time-modulated meta-atoms inherently prohibits the excitation of undesired time harmonics, leading to a high conversion efficiency which is of paramount importance for practical applications such as for instance point to point full-duplex telecommunications.
Firstly, we present the concept of full-duplex nonreciprocal-beam-steering transmissive metasurface. Subsequently, we present the theoretical, physical and practical implications of nonreciprocal phase shift in coupled time-modulated twin meta-atoms. We next propose the implementation scenario for the practical realization of a full-Duplex nonreciprocal-beam-steering transmissive metasurface induced by phase-gradient time-modulated twin meta-atoms. Subsequently, we present full-wave simulation, as well as, experimental results for symmetric and asymmetric radiation beams at different angles of radiation. Figure 1 illustrates the functionality of the nonreciprocal radiation beam from a gradient metasurface for efficient full-duplex point to point telecommunications. In the transmission state, the wave is launched from the source antenna traveling along the +z direction, passes through the meta-4 surface from region 1 to region 2 and radiates at angle θ 2,TX . In contrast, in the receive state, the metasurface presents the maximum transmission from region 2 to region 1 for the incoming wave at angle θ 2,RX . Therefore, for a given radiation angle θ 0 , the metasurface is nonreciprocal, and may be represented by asymmetric and nonreciprocal radiation beams, as
Concept of Nonreciprocal Radiation Beam
where F TX (θ) = E θ,TX /E θ,TX (max) and F RX (θ) = E θ,RX /E θ,RX (max).
To realize the full-duplex nonreciprocal-beam-steering radome in Fig. 1 , we consider a transmissive metasurface formed by an array of meta-atoms. Figure 2 depicts the structure of the metasurface sandwiched between two semi-infinite regions, i.e., region 1 and region 2. Qualitative radiation beams for the transmission and reception states at the two sides of the metasurface are sketched to show the operation principle of the structure. In the transmission state, a plane wave with frequency ω i impinges on the metasurface from the bottom left side with an angle of incidence θ 1,TX . The outgoing wave at θ 2,TX acquires a discrete phase-profile φ(x),
where m is the modulation phase at the mth meta-atom and d is the spacing between each two adjacent meta-atoms. However, in the transmission state, considering the scheme in Fig. 2 , a plane wave with frequency ω i impinges on the metasurface from the top right side with an angle of incidence θ 2,RX . In contrast to the transmission state, and due to the conservation of momentum, the outgoing wave at θ 1,RX acquires a discrete phase-profile φ(x), where 
for the transmission state, and
for the reception state. Here, k 1 and k 2 are the wave numbers in region 1 and region 2, respectively.
Considering a constant phase gradient ∂φ MS /∂x, the outgoing wave acquires anomalous refraction with respect to the incident wave, whereas a spatially variant gradient, i.e, ∂φ MS /∂x, leads to arbitrary radiation beams which enables beam-forming and advanced beam steering purposes. 
where av is the average permittivity of the background medium, δ is the modulation amplitude, Ω denotes the modulation frequency, and φ 1 represents the modulation phase. The right plot in The electric field inside the medium is defined based on the superposition of two supported space-time harmonic fields, i.e.,
We consider Ω << ω i . The corresponding wave equation reads Inserting the electric field in (7) into the wave equation results in
and applying the space and time derivatives, while using a slowly varying envelope approximation, multiply both sides with e i(k A z−ω i t) , which gives
and next, applying
2π Ω 0 dt to both sides gives
Following the same procedure, we next multiply both sides with e −iΩt , and applying
2π Ω 0 dt in both sides of the resultant, and applying
2π Ω 0 dt to both sides of (9) yields
where k 0 = (ω i + Ω)/c 2 . Equations (10a) and (10b) represent the coupled-wave equation of the periodic time-modulated medium in Fig. 3(a) .
Application of boundary conditions:
(i) Considering incidence of a wave with frequency ω i (up-conversion corresponding to the left arrow in the dispersion diagram in the right side of Fig. 3(a) 
gives a A (z) = E 0 cos (δk 1 z/4), and a B (z) = iE 0 sin (δk 1 z/4) e iφ 1 . Considering the coherence
(ii) Considering incidence of a wave with frequency ω i + Ω (down-conversion corresponding to the right arrow in the dispersion diagram in the right side of Fig. 3(a) 
Equation (11) shows that in the up-conversion photonic transition, i.e., transition from frequency ω i to ω i + Ω, the transmitted up-converted wave acquires the modulation phase shift of φ 1 .
In contrast, Eq. (12) shows that in the down-conversion photonic transition, i.e., the transition from frequency ω i + Ω to ω i , the wave acquires a negative phase shift, i.e., −φ 1 . This shows that the time-modulated medium, with the permittivity in Eq. 6, introduces a nonreciprocal phase shift.
Frequency-invariant nonreciprocal radiating phase shifter. In the previous section, we showed that a nonreciprocal phase shift may be achieved by taking advantage of photonic transitions in a time-modulated meta-atom. However, such a nonreciprocal phase shift is accompanied with a frequency transition, which may not be always desired. Here, we propose a structure that provides a nonreciprocal phase shift without frequency alteration. In the up-conversion, i.e., the photonic transition from ω i to ω i + Ω, a phase shift of φ is achieved, whereas in the down-conversion, that is, the photonic transition from ω i + Ω to ω i , a phase shift of −φ is introduced by the time modulation.
The structure of the coupled time-modulated twin meta-atoms is formed by four resonators, with electric permitivitties
In Fig. 3(c) , R r and R r represent the radiation resistances of the first and second meta-atoms, and K and K denote the coupling between the arms of the first and second meta-atoms, whereas K m is the coupling between the two meta-atoms.
In the forward incidence (left to right), the first time-modulated meta-atom, characterized with permitivitties 1 (t) and 1 (t), provides a frequency-phase transition from (ω i , 0) to (ω i + Ω, φ 1 ). Then, the second time-modulated meta-atom, characterized with permitivitties 2 (t) and 2 (t), introduces a frequency-phase transition from (ω i + Ω, φ 1 ) to (ω i , φ 1 − φ 2 ). In contrast, in the backward incidence (right to left), the second time-modulated meta-atom, characterized with permitivitties 2 (t) and 2 (t), provides frequency-phase transition from (ω i , 0) to (ω i + Ω, φ 2 ), and then, the first time-modulated meta-atom, characterized with permitivitties 1 (t) and 1 (t), provides frequency-phase transition (ω i + Ω, φ 2 ) to (ω i , φ 2 − φ 1 ). As a result, no frequency alteration occurs for both forward and backward transmitted waves, whereas a nonreciprocal phase shift is achieved, i.e., the backward transmitted wave acquires the phase shift of φ 2 − φ 1 which is opposite to that of the forward transmitted wave phase φ 1 − φ 2 .
Results
Suppression of unwanted time harmonics. Figure 4 (a) demonstrates the structure of the coupled time-modulated twin meta-atoms, and the wave scattering and interference inside it, for forward and backward incidences. Since the time-modulated meta-atoms are periodically modulated in time, the voltage at the two arms of the coupled structure may be decomposed to Bloch-Floquet temporal harmonics, such that
represents the voltage at the upper arm, and
represents the voltage at the lower arm of the coupled meta-atoms. Here, ω -1 = ω i and ω 0 = ω i +Ω.
It may be seen from Eq. (14) and Fig. 4 (a) that all odd time harmonics at the two arms of the coupled structure are 180 degree out of phase, whereas even time harmonics are all in phase.
Hence, we apply an inter-connector between the two arms of the coupled structure with the length of λ −1 λ 0 . Considering the 0 and 180 degree phase shift, respectively, between the even and odd harmonics, the middle inter-connector represents an open circuit for even time harmonics and a short-circuit for odd harmonics. Thereby, as shown in the top figure (forward incidence) of Fig. 4(a) , constructive interference occurs at all even time harmonics, i.e., ω n,even = ω 0 + nΩ with n being even, and destructive interference occurs at all odd time harmonics, i.e., ω n,odd = ω 0 + nΩ with n being odd. This includes suppression of the dominant odd time harmonic ω i = ω 0 − Ω (n = −1), as well as constructive interference at ω 0 (n = 0). Fig. 4(b) demonstrates the transmission-state operation (no radiation) of the structure at ω 0 is ensured due to its even excitation (V ∠0 0 and V ∠0 0 ).
14 We shall suppress all undesired even and odd time harmonics, especially n = −2 which represents the lower side-band time harmonic of the incident wave. Given the flexibility of the proposed resonance structure in Fig. 4(a) , which is formed by two radiating patch radiators, the proposed coupled meta-atom inherently operates as a narrow bandpass filter and significantly suppresses all time harmonics that lie outside its passband. Hence, as it is shown in Fig. 4(c) , we design the patch radiators such that ω i = ω -1 and ω 0 = ω i + Ω lie inside the passband of the structure, whereas ω -2 = ω 0 − 2Ω = ω i − Ω lies outside the passband (i.e., inside the stopband)
of the structure. It should be noted that the modulation frequency Ω is an arbitrary parameter and can be adjusted to guarantee that only the desired time harmonics, here ω i and ω 0 lie inside the passband of the structure. Thus, all undesired even and odd time harmonics are suppressed and safe operation of the structure at ω i and ω 0 is guaranteed.
Therefore, only two time harmonics ω i and ω 0 will pass through the first patch element, and the signal at the upper and lower arms of the coupled structure reads
Then, due to the suppression of (short-circuit) of the −1 time harmonic (ω i ) by the middle inter-connector, the second patch radiator will be fed only at ω 0 = ω i + Ω. Odd-mode operation at ω i , where weak power flow exists inside the structure and the signals at the two horizontal interconnecting vias will not reach to the second (right) meta-atom, rather it flows through the middle inter-connector.
one side, application of a nonreciprocal phase shift to the wave, and re-radiation of the processed phase-shifted wave to the other side of the structure. The meta-atom in Fig. 6(a) is formed by coupled time-modulated resonators, constituted by varactors and lumped elements. Figure 6(b) describes the circuit elements of the coupled twin meta-atom including the circuit model for the two patch radiators, two 180 • phase shifters, two phase shifters with phases φ 1 and φ 2 , respectively, the four varactor diodes D var , four choke inductors L chk , and eight decoupling capacitances C cpl .
Two inductances L chk and four capacitances C cpl are employed at each side of the coupled metaatoms to efficiently prevent the leakage of the incident wave to the modulation path, as well as decouple the two modulation signals (with 180 • phase difference) at the upper and lower side of the meta-atom. ages the extraordinary operation of periodic double-fed time-modulated patch antennas, and their associated peculiar frequency-phase transitions. The metasurfaces are composed of an array of coupled time-modulated meta-atoms, each of which is fed by a specified modulation phase, such that a phase-gradient modulation is applied to coupled meta-atoms. As a result of such gradient modulation phase, a nonreciprocal-phase-gradient metasurface is realized and therefore, the incoming (received) and outgoing (transmitted) waves are radiated at different radiation angles. We showed that the proposed coupled time-modulated meta-atoms inherently prohibit the excitation of undesired time harmonics. This results in a high conversion efficiency, i.e., less than 1 dB insertion loss, which is of paramount importance for practical applications such as for instance point to point full-duplex communications. It should be noted that the low insertion loss of the metasurface is supported by the injection of the energy from the time modulation to the incident wave.
The proposed metasurface is expected to find applications in point to point full-duplex wireless communication systems that require highly directive radiation beams, with possibility of different half-power beamwidths, for the transmission and reception states. This includes satellite communications and cellular communication systems.
Conclusion

